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ABSTRACT 

II'I t h e  p r a c t i c a l  o p e r a t i o n  o f  methano l  p l a n t s  u s i n g  
n a t u r a l  gas, an e f f i c i e n c y  o f  5 0 - 5 5 2  i s  ach ieved,  depend ing  
on t h e  degree o f  waste  h e a t  r e c o v e r y .  The p r o d u c t i o n  o f  
methano l  o n l y  f r o m  c o a l  has an e s t i m a t e d  e f f i c i e n c y  o f  
4 1 - 5 5 2 ;  b u t  i f  methane and c o a l  l i q u i d s  a r e  p roduced  
s i m u l t a n e o u s l y ,  t h e  o v e r a l  1 p r o c e s s  e f f i c i e n c y  can c l  imb t o  
75%. Waste and wood can a l s o  be used as e n e r g y  sou rces .  
Convers ion  f r o m  these  sou rces  t o  methano l  i s  l i k e l y  t o  be 
somewhat l e s s  e f f i c i e n t  because t h e  p l a n t s  w i l l  be s m a l l e r .  
However, s e v e r a l  new p rocesses  f o r  E a s i f i c a t i o n  and 
s y n t h e s i s  a r e  b e i n g  deve loped  w h i c h  may s i g n i f i c a n t l y  
i n c r e a s e  these  e f f i c i e n c i e s .  

The above v a l u e s  a r e  f i r s t - l a w  e f f i c i e n c i e s  m e a s u r i n g  
t h e  r a t i o  o f  t h e  combus t ion  energy  o f  t h e  p r o d u c t  r e l a t i v e  
t o  t h e  i n p u t  energy .  The second- law e f f i c i e n c y ,  based on 
f r e e - e n e r g y  c o n v e r s i o n  e f f i c i e n c y ,  i s  a more fundamenta l  
measure o f  t h e  degree  o f  e f f e c t i v e n e s s  o f  any  p rocess ;  and 
i t  i s  a p p l i e d  h e r e  t o  s e v e r a l  o f  t h e  s t e p s  i n  methano l  
manu fac tu re .  Data  a r e  p r e s e n t e d  on t h e  f r e e  energy  o f  
f o rma t ion ,  combust ion ,  g a s i f i c a t i o n  and r e a c t i o n  f o r  
chemlca l  s t e p s  o f  i n t e r e s t  i n  me thano l  manu fac tu re .  The 
second- law e f f i c i e n c y  o f  me thano l  m a n u f a c t u r e  i s  s e v e r a l  
p e r c e n t  h i g h e r  t h a n  t h e  f i r s t  l a w  e f f i c i e n c y .  

'\ 

T h i s  work was sponsored b y  t h e  Plethanol  D i v i s i o n  o f  t h e  M I T  
Energy L a b o r a t o r y .  
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I n t r o d u c t i o n  

b le thano l  has become a p r i m e  c a n d i d a t e  f o r  a c l e a n  
s y n t h e t i c  1 i q u i d  f u e l  t o  r e p l a c e  o u r  d w i n d l i n g  o i l  and gas 
s u p p l i e s ( 1 - 3 ) .  I t  i s  p r e s e n t l y  made i n  t h e  U .  S.  f ron i  
n a t u r a l  gas; b u t  i t  can  a l s o  be made f rom c o a l ,  was te  o r  
wood, and t h e  y i e l d  can be  g r e a t l y  i n c r e a s e d  by u s i n g  waste 
h e a t  f rom a n u c l e a r  p l a n t .  We d i s c u s s  i n  t h i s  paper  t h e  
r e p o r t e d  o v e r a l l  e n e r g y  e f f i c i e n c y  ~f n ian r i f ac tu r r  f-ani t hese  
v a r i o u s  s o u r c e s  and  a n a l y s e  t h e  energy  consumpt ion  o f  t h e  
v a r i o u s  s t e p s .  IJe w i l l  a l s o  d i s c u s s  new methods o f  
e s t i m a t i n g  e f f i c i e n c y  and p o t e n t i a l  improvements i n  the  
v a r i o u s  s t e p s .  

I n  p r a c t i c e ,  me thano l  p l a n t s  a r e  b u i l t  t o  max im ize  
p r o f i t s  r a t h e r  t h a n  t o  m i n i m i z e  e n e r g y  consumpt ion .  T h i s  may 
seem t o  make an a n a l y s i s  o f  e n e r g y  consumpt ion  academic.  Yet 
t h e  e f f i c i e n c y  o f  each s t e p  a n d  t h e  n e t  e f f i c i e n c y  must be 
u n d e r s t o o d  b e f o r e  subsequent  t e c h n i c a l  and economic c h o i c e s  
can be  made i n  p l a n n i n g .  Now t h a t  energ.y i s  becoming l e s s  
p l e n t i f u l ,  i t  i s  v e r y  i m p o r t a n t  t h a t  we keep good books on 
energy  consumpt ion .  

CHEI- I ICAL SYNTt1ESIS O F  I~lETHANOL 

Methano l  i s  g e n e r a l  1 y p roduced  f r o m  s y n t h e s i s  gas 
(syn-gas) ,  a m i x t u r e  o f  h y d r o g e n  and ca rbon  monoxide, made 
by p a r t i a l  c o m b u s t i o n  o f  o r g a n i c  f u e l s  such as gas, c o a l  o r  
wood. T a b l e  I l i s t s  t h e  s t a n d a r d  f r e e  e n e r g i e s  o f  f o r m a t i o n  
o f  s p e c i e s  i m p o r t a n t  i n  t h e  manu fac t r i re  o f  syn-gas and 
methano l .  The a v a i l a h l e  d a t a  ( 4 - 6 )  have been f i t t e d  t o  the  
l i n e a r  e q u a t i o n  AG = A H  - T AS where t h e  c o n s t a n t s  A l l  and 
Asg ive  the  b e s t  f i t  t o  t h e  a v a i l a b l e  da ta .  T h i s  g r e a t l y  
simp1 i f i e s  c a l c u l a t i o n s  o f  f r e e  energy,  e q u i l i b r i u m  
c o n s t a n t s  o r  e f f i c i e n c i e s  w i t h  v e r y  l i t t l e  l o s s  o f  accu racy  
( 6 ) .  Data  on t h e  f r e e  e n e r g y  o f  combus t ion  a r e  a l s o  
P resen ted  i n  T a b l e  I .  The v a l u e s  f o r  A l i c  and  AG; can be used 
i n  c a l c u l a t i n g  f i r s t  and  second law e f f i c i e n c i e s .  

Four  r o u t e s  f o r  me thano l  s y n t h e s i s  have been c o n s i d e r e d  
i n  t h e  l i t e r a t u r e ,  and  these  a r e  shown i n  T a b l e  I I  alon:: 
w i t h  t h e  s t a n d a r d  f r e e  e n e r g i e s  o f  t h e  r e a c t i o n s ,  where 
these  a r e  a v a i l a b l e .  I n  p r a c t i c e  o n l y  t h e  f i r s t  two rou tes ,  
c a t a l y t i c  r e d u c t i o n  o f  c a r b o n  o x i d e s  by hydrogen,  a r e  used . 
c o m m e r c i a l l y  ( 7 , s ) .  The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  
methano l ,  xth, f o rmed  i n  r e a c t i o n  (11-1)  i s  shown i n  F ip; .  1 
f o r  v a r i o u s  p r e s s u r e s  and t e m p e r a t u r e s .  The r e a c t  i o n  t a k e s  
p l a c e  o v e r  a c h r o m e - z i n c  o x i d e  c a t a l y s t  a t  3 0 3  atni between 
300 and  4000C ( V u l c a n  C i n c i n a t t i  and  L u r g i  P rocess )  o r  o v e r  
a copper  o x i d e  c a t a l y s t  a t  50-1170 a tmospheres  between 2 5 0  
and 35 f l oC( IC I  P r o c e s s ) .  Because the  r e a c t i o n  i s  h i n h l y  
exo the rm ic ,  g r e a t  c a r e  i s  t a k e n  t o  p r e v e n t  o v e r h e a t i n n  o f  
t h e  c a t a l y s t  bed. The excess  h e a t  o f  r e a c t i o n  i s  u s u a l l y  
recove red  t o  make s team t o  d r i v e  t h e  t u r b i n e  compressors,  
and indeed  some methano l  p l a n t s  g e n e r a t e  excess  e l e c t r i c  
power ( 9 ) .  

, 
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Dependinl: on  t h e  c a t a l y s t s  used, o t h e r  a l c o h o l s  w i 1  1 be 
p roduced  in,  a m i x t u r e  ca1 l e d  " m e t h l y - f u e I " ( l n ) .  These 
improve the  f u e l  v a l u e  o f  t h e  methano l ,  b u t  i t  i s  no t  c l e a r  
whe the r  t h e  excess  hyd rogen  r e q u i r e d  can be j i l s t  i f i e d  on an 
e n e r g y  e f f i c i e n c y  b a s i s .  The use  o f  i r o n  c a t a l y s t s  and l o w e r  
p r e s s u r e s  can a l s o  p roduce  hyd roca rbons  as we1 1 
( F i s c h e r - T r o p s c h  Process ) ,  b u t  t h i s  p rocess  has a l ow  enerEy 
e f f i c i e n c y  b e c a ~ i s e  t h e  oxygen i n  t h e  s y n t h e s i s - g a s  i s  
reduced t o  w a t e r  by some o f  t h e  hyd roZen(7 ) .  

Excess hyd roeen  i s  o f t e n  used t o  remove h e a t  from the  
c a t a l y s t  bed. A new th ree -phase  me thano l  r e a c t o r  i s  be ing  
deve loped  b y  Chem Systems (11,121 i n  w h i c h  t h e  gases a r e  
d i s o l v e d  in  an o i l  t h a t  f l u i d i z e s  t h e  c a t a l y s t  and removes 
hea t .  I t  i s  r e p o r t e d  t h a t  1 2 %  o f  a L u r e i  syn-gas o r  217% o f  
a Koppers -To tzek  (KT)  gas were c o n v e r t e d  t o  methano l  i n  a 
s i n e l e  pass a t  60 a t m  and 235oC compared t o  c o n v e r s i o n s  o f  
4 - 5 %  p e r  pass i n  p r e s e n t  r e a c t o r s .  

G a s i f i c a t i o n  and G a s i f i e r s  

Tab le  I l l  l i s t s  t h e  p r i n c i p a l  r o u t e s  f o r  t h e  
m a n u f a c t u r e  o f  syn-gas .  A t  p r e s e n t  syn-gas  i s  made i n  t h e  
ti. S. p r i r i l a r i l y  by  t h e  s team r e f o r m i n g  o f  n a t u r a l  cas  
a c c o r d i n g  t o  Eqn. ( 1 1 1 - 3 )  a t  1 5 - 2 0  atm and 8500C.This 
r e a c t i o n  i s  h i g h l y  e n d o t h e r m i c  and r e q u i r e s  a l a r g e  c a p i t a l  
i nves tmen t  i n  h e a t  cxchanp;ers t h a t  o p e r a t e  a t  h i g h  p r e s s u r e  
and e l e v a t e d  t e m p e r a t u r e s .  The c o s t  o f  t h e  steam r e f o r m e r  
i s  t y p i c a l l y  4 1 2  o f  t h e  t o t a l  p l a n t  c o s t ( 1 3 ) .  I t  can be 
seen f rom Eq. ( I  I I - 3 ) t h a t  a n  excess  o f  hydrogen i s  p roduced 
and t h i s  excess  can  b e  used  t o  make ammonia o r  
a l t e r n a t i v e l y ,  C02 can be added t o  t h e  syn-gas t o  make more 
methano l  as  shown i n  Eq. ( 1 1 - 7 ) .  Methano l  i s  p r e s e n t l y  made 
i n  some c o u n t r i e s  b y  t h e  E a s i f i c a t i o n  o f  naphtha ,  o r  heavy 
h y d r o c a r b o n  res idues ,  a c c o r d i n g  t o  E q .  ( 1 1 1 - 5 )  

methano l  m a n u f a c t u r e  as ou r  o i l  and  gas s u p p l i e s  a r e  
d e p l e t e d .  F o r t u n a t e l y  a w ide  v a r i e t y  o f  o t h e r  feed s t o c k s  
can be c o n v e r t e d  to  syn-eas  and thence  t o  methano l ,  animonia, 
o r  s y n t h e t i c  g a s o l  i n e .  For  example, t h e  vmter -Eas  r e a c t i o n  
can be used  t o  c o n v e r t  c h a r c o a l  o r  coke t o  the  e q u i m o l a r  
syn-gas m i x t u r e  commonlv c a l  l e d  water -Eas .  U n f o r t u n a t e l y  

O the r  p r i m a r y  ene rgy  sou rces  w i l l  have t o  be f,ound for  

t h i s -  r e a c t  i o n  i s  h i z h l y -  endo the rm i  c, l i k e  steam r e f o r m  
and r e q u i r e s  h i g h - t e m p e r a t u r e  h e a t  exchanzers  o r  a r e v  
o f  e a r l y  water -Eas  r e a c t o r s ( 7 ) .  Carbon can a l s o  be z a s  
w i t h  oxyp,en a c c o r d i n g  t o  E q .  ( I l l - ? ) ,  r e s u l t i n p ,  i n  t h e  
p r o d u c t i o n  o f  CO and a g r e a t  dea l  o f  hea t .  These two 
r e a c t i o n s  can be combined by g a s i f i c a t i o n  w i t h  a m i x t u  
oxyzen and  steam i n  t h e  r a t i o  0 . G l  t o  g i v e  an a u t o t h e  
r e a c t i o n .  

nc, 
va 1 
f i e d  

e o f  
m i  c 

Carbon i s  n o t  a p r a c t i c a l  sou rce  o f  ene rey  f o r  syn-gas  
g r o d u c t i o n .  IHowcvcr c o a l  and biomass a r e  b o t h  v e r y  
a t t r a c t i v e ,  and b o t h  o f  t hese  fue ls  f o r t u n a t e l y  c o n t a i n  some 
o f  t h e  needed hyd rogen  a s  shown i n  E m s .  ( I  I l - F , 7 ) .  

G a s i f i r r s  d i f f e r  i n  t h e  t y p e  o f  f t i r l  cised ( c o a l ,  
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Table I - Standard Free Energy of Formation and Combustion of Species Important in 
\ Methanol Manufacture 
\ 

A G; (T) (a) 
Substance kca l/mole 

A GZ (T) @) 
k C 3  I/molo 

3 

CH30H (29 -51,500 +35.5T -159,700 - 10.7T 

CH30H (1) -59,900 +GO.  3T -151,300 - 35.5T 

IiZO @) -58,400 + 12.4T 0 

HZ 0 

c02 -94,400 + O.OT 

-58.400 + 12.4T 

0 

co -26,400 - 21.3T -68,000 +21.3T 

C 0 -94,400 + 0. OT 

-19, GOO + 22. IT 

-3,200 + 22.2T "CH2" 

-7,400 "Coal" 

"Wood"(e) - 11,400 

CH4 (c) 

( 4  

-191,600 + 2.7T 

-149, GOO - 9.8T 

-58.900 

-32,200 

The standard free energy of formation from the elements. Data from refs. (4-6) were 
fitted to a linear equation of the form A G  =AH - TA S over the ran* 300 - 1200 K, so 
that the two constants in each equation are the effective values of AH: and -AS; over 
this range. Estimated accuracy ? 0.5 kcal. The f ree  energies of combustion and other 
reactions can be calculated from these values. 

The free energy for  the conlbustion to  C02 and H20 (s). This is the low free energy of 
combustion (analogous to the low heating value for the fuel, LHV). The high f ree  energy 
of combustion is calculated by adding -9,700 + 26. OT to  the equation given above for  
each mole of water in the combustion products. 

The limiting value for parafinic hydrocarbons, C H 

The natural substances coal and wood have varying properties; the value of AHf and 
AH: given here is for the Clifty Creek No. G high-volatile bituminous coal of Ref. 23 
used for column 3 of Table 4 in this report. The molecular formula calculated from the 
ultimate analysis is C 

at high n. n 211+2' 
0 

0. 54H0.45S0. OINO. 01' 
For  a wood of formula Co. 32H0. 4GOo. 22, A s  = 4.242 c a y g  hi "International Critical 
Tables", Vol. II, p. 131. 



Standard Free Energies for Methanol Synthesis Reactions 

Reaction AG: (T) kcal/mole 

1. 2 H2 +CO+ CH301-I (g) 
2.  3 H2 + CO2 + CH3OI-I (s) + H20 (g) 
3. CH4 +SO3 + CH30H +SO2 
4. CH4+ 1/2 02 * CH30H (s) 
5. CO + CH3OI-I + 
6. "CH2" +H20+ CH301H (s) 

+ H2 + 2 CH3OH 

Table III - Gasification Reactions 

Reaction 

-25,100 +56.8T 
-15,500 +47.9T 
-9,300 - 29.2T 

-31,900 + 13.4T 

-10,100+0.9T 

AG; (T) kcal/mole 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

C t H20 (s) + CO +H2 

CH4 + H20 (s) + CO + 3 1-12 
CH4 + l /2  0 2  + CO t 2H2 

c t 1/202  3 co 

"CH2" + H 2 0  -+ CO + 2H2 
Coal +02, H 2 0 +  CO, H2 
Wood + 02 ,  H20 + CO, H2 
CQ + ~~0 C 0 2  +Ha 

32,000 - 33.7T 
.26, 400 - 21.3T 
51, GOO - 55.8T 
-6,800 - 43.4T 
35,200 = 55.9T 

-9,600 + 8.9T 

Table IV - Material and Energy Balance for 5000 ton/day 

Methanol Production from Coal 

Gasifier Koppe rs- Tot ze k Winkler LUrgi 

Coal 

Heat Content BTU/h 
Consumption - ton/day 
Fuel Energy - 109BTU/day 
Aux. Energy 
Aux. Coal ton/day 
oxygen ton/day 

Tars ,  oils, plicnols t/day 
Energy in products 109BTU/d 

Methane lOGSCF/&y 

Process Efficiency 70 

Eastern High Western Sub- Western Sub- 
Volatile Bit  A bituminous bituminous 

10,690 
8260 

177 
35 

1650 
6700 

0 
0 

98 
46 

8640 
11690 

202 
35 

2040 
5000 

0 
0 

98 
41 

8870 
20670 

367 
94 

5280 
5500 

185 
1860 
344 
75 

I 



l i ~ n i t e ,  was te  o r  wood), i n  t h e  s i z e s  and amount o f  f u e l  
t h e y  can K a s i f y  ( 0 . 1 - 5 0 0  t o n s l d a y ) ,  i n  t h e  p r e s s u r e  o f  
o p e r a t i o n  ( 1 - 2 0  a tm p r e s s u r e )  and  i n  t h e  method o f  f u e l  
suspens ion  ( f i x e d  bed, suspended p a r t i c l e s  o r  f l u i d i z e d  
bed).  E lanufac tured  gas was i n  w idesp read  u s e  u n t i l  
p i p e l i n e s  b r o u g h t  n a t u r a l  gas f rom Texas. Germany and 
e s p e c i a l l y  Sweden have made s y n t h e t i c  Eas and f u e l s  f rom 
c o a l  and wood d u r i n g  Wor ld  \Jar I I, s o  t h a t  most o f  the  above 
comb ina t ions  of  c o n d i t i o n s  e x i s t  o r  have e x i s t e d  i n  
commercial  g a s i f i e r s ( 7 , 1 4 , 1 5 ) .  Oxygen g a s i f i e r s  t y p i c a l l y  
o p e r a t e  w i t h  an e f f i c i e n c y  o f  6 5 - 9 0 2  ( 7 1 ,  w h i l e  a i r  
g a s i f i e r s  can be LIP t o  9 5 %  e f f i c i e n t .  

L 

1 

4 3  

I n  a d d i t i o n  t o  many e x p e r i m e n t a l  g a s i f i e r s  under  
i n v e s t i c a t i o n  i n  t h i s  c o u n t r y  t h e r e  a r e  t h r e e  c o m m e r c i a l l y  
a v a i l a b l e  mode ls  t h a t  have been i n  use s i n c e  Wor ld  War I I :  
t h e  Lu rg i ,  t h e  k l i n k l e r ,  and t h e  Koppers-Totzek  (KT) .  I n  
methano l  p r o d u c t i o n  t h e  g a s i f i e r  i s  o p e r a t e d  a s  p a r t  o f  a 
l a r g e r  p rocess ,  and t h e  e f f i c i e n c y  i s  n o t  measured 
i ndependen t 1 y . 

R e c e n t l y  t h e  U n i o n  Carb ide  C o r p o r a t i o n  has  deve loped  an  
oxygen g a s i f i e r  f o r  m u n i c i p a l  was te  under  t h e  narie Purox.  
I n  t h i s  system, one t o n  o f  was te  i s  g a s i f i e d  w i t h  n . 2  t o n s  
o f  oxygen, y i e l d i n n  0 . 2 2  t o n s  o f  c lean ,   ranular r e s i d u e ,  
f l . 7  t o n s  o f  gas, and 0 . 9 8  t ons  of wate r .  The r e s u l t i n g  gas 
i s  2 6 %  H,, 4 0 2  CO, '23% C O ,  and 5 %  CH,, and c o n t a i n s  3 7 0  
RTI I /SCF.  O f  t h e  9 .5  F.!b:RTI! c o n t a i n e d  i n  a t o n  o f  r:aste, 7 . 5  
blC1RTlJ a r e  c o n t a i n e d  i n  t h i s  gas .  One m i l l i o n  PT l l  o f  t h e r m a l  
ene rgy  a r e  r e q u i r e d  t o  make t h e  oxygen, s o  t h a t  t h e  n e t  
energy  e f f i c i e n c y  o f  gas p r o d u c t i o n  i s  684(lG). 

Carborunduni C o r p o r a t i o n  has a1 s o  deve loped  a g a s i f i e r  
f o r  m u n i c i p a l  was te  t h a t  u s e s  p r e h e a t e d  a i r ,  t he  Torax  
e a s i f i e r .  R a t t e l l e  has deve loped  an a i r  C a s i f i e r  f o r  
c e l l u l o s i c  wastes  t h a t  t h e y  e s t i m a t e  t o  be 8 5 2  e f f i c i e n t  
( 1 7 ) .  A number o f  b iomass g a s i f i e r s  a r e  i n  t h e  developnient 
s t a g e  ( 1 8 ) .  

The Thaeard  O i l  Co. has r e c e n t l y  announced a r e a c t o r  
capab le  o f  o p e r a t i o n  t o  6000OF. I t  i s  c l a i m e d  t h a t  
c a r b o n - c o n t a i n i n c  f e e d s t o c k s  can he g a s i f i e d  f o r  a f r a c t i o n  
of  t h e  c o s t  o f  c o n v e n t i o n a l  g a s i f i e r  o p e r a t i o n ( l 9 , 2 0 ) .  

A f t e r  t h e  raw syn-gas  i s  produced, i t  must be c l e a n e d  
o f  a l l  t r a c e s  o f  s u l f u r ,  s i n c e  me thano l  c a t a l y s t s  a r e  
s e n s i t i v e  t o  s u l f u r .  Then t h e  r e q u i r e d  
hydroeen/carhon-monoxide r a t i o  i s  c s t a b l  i shed a c c o r d i n E  t o  
t h e  water -gas  s h i f t  r e a c t i o n ,  Eq. ( I 1  I - R ) .  

E f f  i c  i encv  o f  t i e thano l  I.,!anufacttrre 

I t  i s  c i i s ton ia ry  t o  d e f i n e  t h e  n e t  enerp,y e f f i c i e n c y  o f  
p r e s e n t  and p r o j e c t e d  methano l  p l a n t s  a s  the  r a t i o  ~f t h e  
energy  i n  t h e  p r o d u c t s ,  E , t o  t h r  ene rcy  i n  the  f u e l  and  
t h a t  r e q u i r e d  t o  g e n e r a t e P a u x i l  i a r y  i n p t l t s  ( s u c h  a s  
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e l e c t r i c i t y  and oxygen) ,  E f  and  E,, 

4 = A H " / (  AIif + A l l " )  ( 2 )  
The p r o d u c t  and f u e l  e n e r $ i e s  a r e  u s u a f l y  R i v e n  a s  the  lor! 
heat o f  combus t ion  o f  t hese  f u e l s .  These a r e  t h e  AH: v a l u e s  
found  i n  Tab le  I .  The a u x i l l i a r y  i n p u t s  a r e  g i v e n  as the  
thermal  e q u i v a l e n t  o f  e l e c t r i c  power used. S i n c e  l a r g e  
p l a n t s  p roduce  t h e i r  own e l e c t r i c i t y  and oxygen, g e n e r a l l y  
f rom t h e  same f u e l  (gas, c o a l ,  e t c . )  used t o  make the  
methano l ,  t h i s  e s t i m a t e  i s  b o t h  s i m p l e  t o  make and r e l i a b l e .  
Ne l i s t  here  t h e  e f f i c i e n c y  o f  methano l  m a n u f a c t u r e  a s  
r e p o r t e d  b y  v a r i o u s  sou rces .  

f l a t u r a l  Gas: R .  McGhee ( T r a n s c o )  ( 1 3 )  r e p o r t s  t h a t  gas 
p l a n t s  have improved  t h e i r  e f f i c i e n c i e s  f rom abou t  2 5 %  i n  
t h e  1 9 3 0 ~  t o  5 0 - 6 0 2  f o r  modern, l a r g e - s c a l e  p l a n t s .  Fhch o f  
t h i s  e f f i c i e n c y  i n c r e a s e  i n  p l a n t s  makinp: more t h a n  2 0 0  
t ons /day  o f  me thano l  i s  due t o  t h e  o p e r a t i o n  o f  c e n t r i f u g a l  
compressors w i t h  s team g e n e r a t e d  f r o m  the  e x o t h e r m i c  h e a t  o f  
r e a c t i o n  ( I  1-11. 0. b len twor th  o f  V u l c a n - C i n c i n a t t i  has 
r e p o r t e d  t h a t  t h e  h i g h  p r e s s u r e  process ,  l e a d i n g  t o  methano l  
c o n t a i n  i n 8  h i x h e r  a l c o h o l s  ( K e t h y l  -Fue l ) ,  i s  6 3 - 6 0 2  
e f f i c i e n t ( 2 1 ) .  Aea in  i t  s h o u l d  be s t r e s s e d  t h a t  t hese  a r e  
n o t  n e c e s s a r i l y  t h e  maximum a t t a i n a b l e  e f f i c i e n c i e s ,  b u t  
r e p r e s e n t  an economic compromise i n  p l a n t  c o n s t r u c t i o n .  

The l a r x e s t  p l a n t s  p r e s e n t l y  o p e r a t i n e  today  make 2 0 0 0  
t o n s / d a y  of  me thano l ,  b u t  t h e  l a r g e s t  s i n e l e - t r a i n  p l a n t  
p o s s i b l e  t o  c o n s t r u c t  w i t h  a v a i l a b l e  equipment w i l l  make 
5 0 0 0  t o n s / d a y  o f  m e t h a n o l .  P l a n t s  have been proposed w i t h  
f i v e  t r a i n s  mak ing  25,000 tons /day  o f  methano l  f r o m  e i t h e r  
n a t u r a l  gas o r  c o a l .  A l l  t h e  me thano l  p l a n t s  i n  the  U. S. 
t oday  p roduce  t o g e t h e r  a b o u t  1n,oon t o n s / d a y  or a b i  1 l i o n  
g a l  1 ons/  year.  

Coal: R. Harney  r e p o r t s  a coa l -me thano l  p l a n t  o p e r a t e d  
i n  Texas i n  1'155 m a k i n g  3 0 0  t o n s / d a y  o f  methano l  ( 2 2 ) ;  b u t  
t h i s  p l a n t  was c o n v e r t e d  t o  n a t u r a l  gas i n  1 9 5 6 ,  and a l l  
p l a n t s  i n  t h e  U. S. have s i n c e  r u n  on n a t u r a l  gas because o f  
i t s  low c o s t .  R e c e n t l y  a number o f  e s t i m a t e s  o f  c o s t s  f o r  
l a r g e  coa l -me thano l  p l a n t s  have been made. T h e  e f f i c i e n c y  
o f  o p e r a t i o n  must be  e s t i m a t e d  i n  o r d e r  t o  make these 
c a l c u l a t i o n s ,  and a number o f  these have appeared i n  p r i n t .  

D u r i n s  P r o j e c t  Independence, a l a r g e  s r o u p  f r o m  the  A E C  
i n t e r v i e w e d  many i n d u s t r i a l  companies t o  e s t i m a t e  t h e  c o s t  
of  makinE methano l  f rom c o a l  i n  l a r g e  p l a n t s ( 2 3 ) .  The 
e s t i m a t e d  p l a n t  e f f i c i e n c i e s  f o r  v a r i o u s  methods o f  
! a s i f i c a t i o n  of  s e v e r a l  c o a l s  a r e  shown i n  Tab le  I V ,  where 
i t  can be seen t h a t  t h e  e f f i c i e n c y  v a r i e s  between 4 1  and 75; 
depend ing  on t h e  p r o d u c t i o n  c o n d i t i o n s  and whether  methano l  
1s produced a l o n e  o r  i n  c o m b i n a t i o n  w i t h  methane and c o a l  
1 i c l u ids  ( c o - p r o d u c t s ) .  

D u r i n g  t h e  g a s i f i c a t i o n  o f  c o a l ,  so11:e g a s i f i e r s  ( such  
as KT and H i n k l e r )  p roduce  o n l y  C O  and H 2 .  O the rs ,  such as 
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Table V - Efficiency of Manufacture of Synthetic Fucls 

Fuel(a) From Shale Coal Liquefaction Lurgi 

Gasoline 55% 65% 
Gasoline plus distillate 65 70 
Methanol 

(a) Does not include. energy consumed in producing primary fuel, estimated to be 80-9@& 
efficient for  strip mining and 60% efficient for room and pillar shale mining. 

(b) Assumes tars,  oils from Lurgi gassificatioii used for process heat, othenvisc 55% 
efficicnt. 

- 65% 
1 

Table VI - Efficiency and Cost of SASOL type Synthetic 

Fuel Production from Coal(a) 

( 4  
Product (b) - Fuel Primary Total - costs 

Eff. % Eff. % Plant - $MM Product $/IMMBTU tons/day 

Methanol 39 56 472 1. so 6 9  
Gasoline 21 4 1  505 3.05 50 
SNG 53 68 365 1.13 78 
Low BTU gas 63 71 218 0. 86 83 

(a) From study Ref. 27. 

1 

(b) In 1975 dollars using modified Panhandle Easter accounting, plants b u n k g  20-30,000 
tons/day coal 

(c) Based on published SASOL technology using Lurgi gasifier 

Table W- Second Law Efficiency of Methanol Production from Methane or Petroleum Feed- 
stocks (Assumed Firs t  Law Efficiency 0.60) 

Heat of Free  Energy First  Law Second LElw 
Combustion of Condmstion Efficiency Efficiency 

AH: bGZ 71 E 

CH30H -151.3 -161.9 

-191.6 -190.8 0. GO 0. 64 
2 CH4 
I “CH2’’ - 149.6 -152.5 0. GO 0.63 

, 

I 
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t h e  L u r c i  e a s i  f i e r ,  p roduce  s i z a b l e  q u a n t i  t i e s  o f  methane 
ant1 c o a l  c h e m i c a l s  a s  w e l l .  I n  Tah le  I V  i t  i s  seen t h a t  i f  
t h e s e  p r o d u c t s  can be  used, t h e  t o t a l  c o n v e r s i o n  e f f i c i e n c y  
i s  as h iRh as 75%,  w h i l e  much lower  e f f i c i e n c i e s  r e s u l t  f o r  
s i n g l e - p r o d u c t  p rocesses .  

From d a t a  o b t a i n e d  on a L u r g i  t y p e  g a s i f i e r ,  R. McGhee 
o f  Transco p r o j e c t s  a c o n v e r s i o n  e f f i c i e n c y  o f  5 4 4  f o r  t h e  
p r o d u c t i o n  o f  methane a l o n e  . I f  t h e  methane p roduced  
n a t u r a l l y  i n  g a s i f i c a t i o n  i s  used as i s  and i f  t h e  b a l a n c c  
o f  t h e  coa l  i s  c o n v e r t e d  t o  methano l ,  t h e  o v e r a l l  e f f i c i e n c y  
i s  p r o j e c t e d  t o  be 52%.  I f  t h e  c o a l - t a r  l i q u i d s  can be used 
as w e l l ,  t h e  e f f i c i e n c y  i n c r e a s e s  t o  6 1 f ( 2 4 ) .  

In  a r e c e n t  s t u d y  f o r  t h e  EPA, t h e  E X X O N  s t a f f  
e s t i m a t e d  t h e  e f f i c i e n c y  o f  p r o d u c t i o n  o f  s y n t h e t i c  
g a s o l i n e ,  d i s t i l l a t e ,  and  methano l  f r o m  s h a l e  and c o a l .  
T h e i r  r e s u l t s  a r e  shown i n  Tab le  V .  The e f f i c i e n c i e s  f o r  
methano l  p r o d u c t i o n  a r e  based on e s t a b l  i s h e d  techno logy ,  
w h i l e  p r o d u c t i o n  f r o m  s h a l e  and c o a l  l i q u i f a c t i o n  a r e  i n  the  
development s t a e e .  Tl ie e f f i c i e n c i e s  o f  p r o d u c t  i o n  o f  the  
p r i m a r y  f u e l s  were a l s o  e s t i m a t e d  i n  t h i s  r e p o r t  as  6 0 %  f o r  
room and p i l l a r  s h a l e  m i n i n g  and t P - ! 3 n e  f o r  c o a l  m i n i n g ( 2 5 ) .  

In  Germany in  1938, 584/ o f  t h e  m o t o r  f i l e 1  W A S  
s y n t h e t i c ,  m a n u f a c t u r e d  f r o m  c o a l ,  wood, and a g r i c u l t u r a l  
p r o d u c t s ( 2 S ) .  About h a l f  o f  t h i s  p r o d u c t i o n  was g a s o l i n e  
made f rom brown c o a l  w i t h  t h e  F i s c h e r - T r o p s c h  s y n t h e s i s .  
T h i s  t e c h n o l o g y  was t r a n s f e r r e d  a f t e r  t h e  war t o  t h e  S A S O L  
C o r p o r a t i o n  i n  So i r th  A f r i c a  where i t  i s  now b e i n g  g r e a t l y  
expanded. I n  a r e c e n t  s tudy ,  F. K. Chan o f  K e l l o g g  Corp. 
has used pub1 i s h e d  SkSOL d a t a  t o  e s t i m a t e  t h e  e f f i c i e n c i e s  
and c o s t s  o f  makinp, v a r i o u s  s y n t h e t i c  f u e l s  ( 2 7 ) .  H i s  
r e s u l t s  a r e  shown i n  T a b l e  V I  Since  t h e  S A S O L  process  uses 
L u r g i  g a s i f i c a t i o n ,  t h e  e f f i c i e n c y  i s  h i g h  o n l y  when 
c o p r o d u c t s  a r e  p roduced .  

The m a n u f a c t i i r e  and use o f  methano l  a s  a f u e l  has been 
examined i n  c o n s i d e r a b l e  d e t a i l  i n  a r e c e n t  s t u d y  ( 2 2 )  by  
t h e  klest  German Government.  I t  p r o j e c t s  a r e q u i r e m e n t  o f  
1 . 4 6  t ons  o f  h a r d  c o a l ,  5 . 3 7  t o n s  o f  l i n n i t e ,  o r  1 1 2 0  c u b i c  
m e t e r s  o f  n a t u r a l  gas p e r  t o n  o f  methano l  s y n t h e s i z e d .  
These f i g u r e s  c o r r e s p o n d  t o  the rma l  e f f i c i e n c i e s  o f  4 G 4  f o r  
c o a l  and 1 i g n i t e  and  5 5 %  f o r  n a t i i r a l  eas. The f u e l  
r e q u i r e m e n t  c a n  be g r e a t l y  reduced  i f  t h e  p l a n t  i s  c o u p l e d  
t o  a n u c l e a r  p l a n t  f o r  p rocess  hea t .  

Waste and Wood: The p o s s i b l e  m a n u f a c t u r e  o f  methano l  
f rom m u n i c i p a l  w a s t e  i s  a p o t e n t i a l l y  a t t r a c t i v e  s o l u t i o n  
f o r  b o t h  o u r  was te  d i s p o s a l  and  energy  s h o r t a c e  prob len is .  
The C i t y  o f  S e a t t l e  has e x p l o r e d  v a r i o u s  d i s p o s a l  schemes 
and f i n d s  t h a t  t h e  m a n u f a c t u r e  o f  methano l  o r  ammonia, 
depend ing  on m a r k e t  c o n d i t i o n s ,  o f f e r s  t h e  most economica l  
method o f  was te  d i s p o s a l ,  even though i t  a l s o  r e q u i r e s  t h e  
l a r g e s t  amount o f  c a p i t a l  ( 2 9 ) .  I n  a s t ~ i d y  f o r  t he  C i t y  i t  
i s  e s t i m a t e d  t h a t  1 5 0 0  tons / t i ay  o f  was te  can produce l O F n  

tons /day  o f  s y n t l 1 e s i s - z a s  w h i c h  i n  t u r n  w i l l  Prodklce 275 
t ons /day  o f  me thano l  a t  a c o s t  o f  Icf,nnr! k w h  o f  e l e c t r i c  
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I 

I 

P o \ w r .  The n e t  e n e r g y  e f f  i c i e n c y  c s t i t : a t e d  f r o r l  t h e s c  
imPuts i s  a b o u t  3 4 :  ( 3 0 ) .  I .?ethannl  has n c v e r  hecn ma6e tronl 
waste  o r  wood, b u t  n o  p r o h l e r s  ~ r r  a p p a r e n t  i n  d o i n p  so, 
s i n c e  t h e s e  f u e l s  c a n  be g a s i f i e d  t o  syn-gas. I n  f a c t  
c e l l u l o s i c  t y p e  f u e l s  have t y p i c a l l y  l c s s  t h a n  0.1 : ;  SUI f u r  
VJhereas c o a l  has 2 %  o r  more. M e t h a n o l  c a t a l y s t s  a r c  
P a r t i c u l a r l y  s e n s i t i v e  t o  s u l f u r ,  s o  t h i s  i s  an  a d v a n t a g r .  
The c f f i c i c n c i e s  o f  c o n v e r s i o n  s h o u l d  be  coniparable,  on an 
e n e r g y  b a s i s ,  t o  t h o s e  p r e d i c t e d  above f o r  c o a l .  I t  i s  
e s t i m a t e d  t h a t  1 t o n  o f  methano l  ( 1 7  t.‘t.:RTl!/ton) c a n  be made 
f rom 3 t o n s  o f  d r y  wood ( l G  ElbiRTl.!/ton) o r  5 . 1  t o n s  o t  w a s t e  
( t y p i c a l l y  c o n t a i n i n l :  9 E’ltlRTl!/ton) based on a c o n v e r s i o n  
e f f i c i e n c y  o f  3 7 2 .  tlowever e f f  i c i e n c i e s  c o u l d  be 
s i g n i f i c a n t l y  h i g h e r  o r  l o w e r  dependinr :  on p l a n t  s i z e  and 
degrec  o f  h e a t  r e c o v e r y  ( 3 1 ) .  

Secnnd Law E f f i c i e n c i e s  

So f a r  we have been d i s c u s s i n , ?  what c a n  be c a l l e d  a 
f i r s t  law e f f i c i e n c y  o f  methano l  c o n v e r s i o n ,  g a s i f i c a t i o n ,  
e t c .  wh ich  i s  d e f i n e d  i n  Fq. ( 1 )  a s  t h e  r a t i o  o t  t h e  
e n e r g y  c o n t e n t  o f  t h e  p r o d u c t s  t o  t h e  r n e r g y  i n p u t s .  T h i s  
c r i t e r i o n  can be m i s l e a d i n g .  I t  i s  p o s s i b l e  t o  c o n v e r t  
betvmen c h e m i c a l ,  e l e c t r i c a l  and m e c h a n i c a l  r n e r g y  w i t h  an 
e f f i c i e n c y  approach in^ 1 0 0 9 .  t lo\:ever we cannot  c o n v e r t  
t h e r m a l  e n e r g y  t o  t h e  o t h e r  f o r m s  w i t h o u t  l o s i n e  J f r a c t i o n  
( T 2  - T 1 ) / T 2  when we use a h e a t  c n s i n e .  I n  c o n v e r t i n F  o t h p r  
e n e r g y  fo rms t o  t h e r m a l  energy ,  V J ~  can c a i n  thP f r a c t i o n  
T i / ( T ? - T l ) h y  u s i n g  a h e a t  pump. These r c l a t i o n s  a r e  
i l l u s t r a t e d  i n  F i g .  2 .  

The second law e f f i c i e n c y  has  been de f inec !  ( 3 2 - 3 5 )  a s  

e = h e a t  o r  t i o r k  u s e f u l l y  t r a n s f r r r e r l  by a d e v i c e )  
( i s x i m u m  h e a t  o r  work  t r a n s f e r r a b l e  by any d e v i c e )  ( 3 )  

I n  e x a m i n i n g  c h e c l i c a l  p r o c e s s e s ,  t h e  change i n  Gibbs  f r e e  
cncrp,y, AG, accompany inn  a c h e m i c a l  p r o c e s s  i s  t h c  p r o p e r  
measure o f  c h e m i c a l  e n e r g y  consumed o r  p roduced i n  t h a t  
r e a c t i o n  a n d  d e t e r m i n e s  t h r  maximum e f f i c i e n c y  o f  t h e  
p r o d u c t i o n  o f  c h e m i c a l ,  e l e c t r i c a l  o r  m e c h a n i c a l  e n e r h s .  

For  t h e  c o n v e r s i o n  o f  p r i n i a r y  f u e l s  t o  s y n t h r t i c  t u e l s ,  
Lve d e f i n e  t h e  second 1 a v ~  e f f i c i e n c y  J S  t h e  r a t i o  o f  t h e  f r e r  
e n c r g i e s  o f  c o m b u s t i o n  ( a t  3 0 f l K )  o t  t h e  p r o d u c t s  t o  t h o s e  o t  
t h e  i n p u t s ,  

e = A C P ( p r o d u c t s ) / A G ~ ( f u e l  ( [I ) 

(\,here ACP 
f u e l ,  w h e t h e r  i t  i s  u s e d  a s  a f e e d s t o c k  o r  f o r  a u x i l l i a r y  
e n e r g y  p r o d u c t  i o n . )  

i s  t h e  f r e e  e n e r g y  o f  c o m b u s t i o n  o f  t h e  p r i m a r y  

The v a l u e s  o f  AI!; a n d  ACP a t  3001: a r e  sh0v.m i n  Tat . ] ?  
V I 1  f o r  methano l  and s e v e r a l  p r i c i a r y  f u e l s .  I t  can be seen 
t h a t  t h e  f r e e  CnPrPy o f  c o m b u s t i o n  o f  methano l  i s  
s i g n i f i c a n t l y  h i s h e r  t h a n  t h e  h e a t  o f  coi: ibustion, r . :h i lc  tor 
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E 

t h e  P r i m a r y  fcrels, these q u a n t i t i e s  a r e  ~ p p r o x i m a t e l y  e q u a l .  
The o v e r a l l  second l a w  e f f i c i e n c y  o f  methano l  p r o d u c t i o n  
f rom methane o r  p e t r o l e u m  i s  compared t o  an assumed f i r s t  
1 J w  e f f i c i e n c y  o f  0 . 6 "  i n  Tab le  VII.  The second law 
e f f i c i e n c y  i s  s e v e r a l  p e r c e n t  h i g h e r  and t h i s  i s  due t o  t h e  
l a r n e  e n t r o p y  t e r m  i n  the  f r e e  e n e r c v  o f  combus t ion  o f  
methano l .  

The f o r m a t i o n  o f  n ic thano l  i s  h i g h l y  e x o t h e r m i c  ( E q s .  
11-l,?,b,G) w h i c h  y o u l d  a t  f i r s t  suRgest t h a t  a g r e a t  dea l  
o f  r n e r c y  i s  l o s t  i n  c o n v e r s i o n  f r o m  o t h e r  f u e l s .  I t  i s  
p r e c i s e l y  because t h e  hea ts  o f  combus t ion  do n o t  d e t e r m i n e  
e f f i c i e n c i e s  t h a t  i n  t a c t  p r a c t i c a l  s y n t h e s i s  o f  me thano l  i s  
r e l a t i v e l y  e f f i c i e n t .  A l t h o u g h  a g r e a t  dea l  o f  hea t  i s  
p r o d u c r d  a t  v a r i o u s  s t a g e s  i n  p r o c e s s i n g ,  t h i s  h e a t  can be 
recove red  a s  work f o r  con ip ress ion  and appears  i n  t h e  
methano l  JS r ecove red  t r e e  energy .  

A l t h o u g h  t h e  use o f  second ~ J W  e f f i c i e n c i e s  does n o t  
g r e a t l y  chanGe t h e  o v r r a l  1 c o n v r r s i o n  e f f i c i n e c y  i n  c ie thano l  
p r o d u c t i o n ,  i t  g i v e s  much more i n s i g h t  i n t o  t h e  s e p a r a t e  
s t e p s  o f  p r o d u c t i o n  and p o i n t s  tip t h e  a r e a s  where 
improvements can be made. A few examples w i l l  make t h i s  
c l  ea r c r  . 

S ince  g a s i f i c a t i o n  o f  f e e d s t o c k s  n r n e r a l l y  l e a d s  t o  a 
r a t i o ,  R = t f ? / C O  d i f f e r e n t  f rom t h a t  o f  2 r e q u i r e d  f o r  
methano l  s y n t h e s i s ,  i t  i s  necessa ry  t o  p e r t o r m  the  waterRas 
s h i f t  r e a c t i o n ,  E q .  ( 1 1 1 - 8 )  on t h e  raw syn-fras, ?n6 t h i s  
r e a c t i o n  cons~lmes a qt iant  i t y  o f  f r e e  enerey  c a l c u l ! t e d . a s  
f o l l o w s .  The f r e e  enerEy o f  any r e a c t i n n  m i x t u r e  I S  R i v e n  
by  ( 3 6 )  

where 
p i  = p f  + RT I n  X, ( 6 )  

O le re  p i  i s  t h e  chemica l  p o t e n t i a l  o f  each spec ies ,  niis t h e  
number o f  mo les  of each s p e c i e s  i n  t h e  m i x t u r e ,  a n d  X i s  
t h e  mole f r a c t i o n  o f  each s p e c i e s .  I t  we t a k e  x = H , f C O ,  as  
a measure o f  t h e  degree of r e a c t i o n ,  Eq. ( 5 )  becomes 

G ( x )  - ( G c o +  C11,o) = x A G ;  + R T  I n  P + ( 7 )  

T h i s  f r e e  energy  l o s s  on r e a c t i o n  i s  s h o m  as J f u n c t i o n  of 
t h e  degree o t  r e a c t i o n  in  F i r , .  2 f o r  a t o t a l  p r e s s u r e  o f  1 
atni a t  S O O K  and 1000K.  F!ote t h a t  even f o r  x = 0 t h e r e  i s  a 
change from t h e  s t a n d a r d  f r e e  energy  o f  t h e  r e a c t a n t s  due t O  
t h e  i n i t i a l  m i x i n g  o f  the  r e a c t a n t s .  Then a s  t h e  r e a c t i o n  
proceeds, t h e r e  i s  a f u r t h e r  dec rease  i n  f r e e  energy  due t o  
b o t h  e n t h a l p y  p r o d u c t i o n  and f u r t h e r  n i x i n g  o f  t h e  p r o d u c t  
R J S ~ S .  The f r e e  energy  reaches  a minimum a t  a v a l u e  x 
de te rm ined  by t h e  e q u i l  i h r i u m  c o n s t a n t .  

+ 2 R T  ( x l n x  + ( l - x ) l n ( l - x ) )  

From t h i s  g raph  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  f r e e  
enerRy  cost o f  go ing  from any i n i t i a l  r a t i o  R t o  t h e  va1Lle 
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5 1  

R = 7  r e q u i r e d  f o r  methano l  s y n t n e s i s .  For  i n s t a n c e ,  s t a r t i n r :  
w i t h  R = 1, t h e  f r e e  e n e r n y  d e c r e a s e s  f r o m  - 5 3 0 0  t o  - 6 I O Q  o r  
a b o u t  - G O O  ca1 p e r  mo le  o f  m i x t u r e  ( -2 i ;nP c a l / m o l t ?  of 
syn-gas, P, = 2 )  a t  1 0 0 0 K .  

Oxynen i s  o f t e n  u s e d  f o r  thP e a s i f i c a t i o n  r e a c t i o n s  of  
T a b l e  I l l .  The t i r s t  l a w  g i v e s  n o  v a l u e  f o r  t h e  e f f i c i e n c y  
o f  s e p a r a t i o n  of  oxygen f r o m  a i r ,  s i n c e  t h e  h e a t  c o n t e n t  o f  
t h e  s e p a r a t e d  0 a n d  FI i s  t h e  same a s  t h a t  b e f o r e  
s e p a r a t i o n .  F o r  t h e  r e a c t  i o n  

( 8  1 2 A i r  --* 0 . ? 1  C 2  + 0 . 7 9  E! 

t h e  f r e e  e n e r g y  change f r o m  E q .  ( 5 )  i s  g i v e n  by 

A G  = RT ( 0 . 2 1  I n  0 . 2 :  + 0 . 7 9  I n  0 . 7 0 )  ( 0 )  

T h i s  can be e a s i l y  comparcd t o  t h e  e l e c t r i c a l  o r  t h c r n i a l  
e n e r g i e s  r e q u i r e d  t o  o p e r a t e  an  o x y ~ e n  p l a n t .  A c c o r d i n g  t o  
one m a n u f a c t u r e r ,  2 4 0  kwh a r e  r e q u i r e d  t o  prot l i ice J t o n  of 
oxygen, w h i l e  f r o m  E q .  ( 8 )  we c a l c u l a t e  a minimum 
r e q u i r e m e n t  a t  : O O K  o f  4 3 . 1  k \ i h / t o n ,  y ie ld in ! !  an  e f f i c i e n c y  
o f  2 0 % .  ( T h i s  c o n v e r t s  t o  77; t h e r m a l  e f f i c i e n c y  i f  one 
assumes an e f f i c i e n c y  o f  3 3 2  f o r  power F e n e r a t i o n ) .  
G y t t o p o u l i s  e t  a1 ( 3 6 )  d e r i v e  a second lab/ e t f i c i e n c y  o f  17: 
f o r  a n  oxygen p l a n t  m a k i n g  3 5 C  tOnS/dJy o f  oxyEen. 
e f f i c i e n c y  o f  t h e  p r o c e s s .  

t h e  use o f  second law e f f i c i e n c i e s  t o  a n a l y s c  t h e  v a r i o u s  
s t e p s  i n  methano l  m a n u f a c t u r e  i n  second la t !  te rms t o  
d e t e r m i n e  where in iprovcments can b e  r;iadc ( I s i n <  new p r o c e s s e s  
a n d  d e v i c e s  such a s  h e a t  piimps a n d  f u e l  c e l l s  no\'/ b c i n p  
deve loped.  
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